The transport of moisture in textile layers plays an important role in the conveyance of thermal energy through those layers. During physical activity, a constant core temperature can in general only be maintained through the dissipation of thermal energy. As is well known, this can take place through radiation, conduction or convection, but for vigorous activity requires perspiration, namely evaporative cooling. If the perspired moisture evaporates directly on the skin, considerably more energy is extracted from the body than when it is transported in a liquid state to outer layers of the clothing, in which case evaporation merely cools the ambient air instead. In a cold climate, dry skin is important for comfort at rest, whereas during activity a more complicated behavior is desirable: Evaporation of moisture on or near the skin while it produces enough perspiration to maintain a wet clothing layer in contact with it, which is when the need for cooling is greatest, followed by rapid removal of the liquid perspiration from the immediate vicinity of the skin as the perspiration rate declines, to avoid overcooling (post-exercise chill). In a warm climate, on the other hand, all liquid perspiration should be evaporated as close to the skin as possible to maximize the cooling effect. To achieve these different moisture-management behaviors in textiles, multilayer configurations are often used, and it becomes important to characterize the distribution of moisture, especially in liquid form, in such multilayers as a function of time.
The transport of moisture in textile layers plays an important role in the conveyance of thermal energy through those layers. During physical activity, a constant core temperature can in general only be maintained through the dissipation of thermal energy. As is well known, this can take place through radiation, conduction or convection, but for vigorous activity requires perspiration, namely evaporative cooling. If the perspired moisture evaporates directly on the skin, considerably more energy is extracted from the body than when it is transported in a liquid state to outer layers of the clothing, in which case evaporation merely cools the ambient air instead. In a cold climate, dry skin is important for comfort at rest, whereas during activity a more complicated behavior is desirable: Evaporation of moisture on or near the skin while it produces enough perspiration to maintain a wet clothing layer in contact with it, which is when the need for cooling is greatest, followed by rapid removal of the liquid perspiration from the immediate vicinity of the skin as the perspiration rate declines, to avoid overcooling (post-exercise chill). In a warm climate, on the other hand, all liquid perspiration should be evaporated as close to the skin as possible to maximize the cooling effect. To achieve these different moisture-management behaviors in textiles, multilayer configurations are often used, and it becomes important to characterize the distribution of moisture, especially in liquid form, in such multilayers as a function of time.
The transport of moisture through multilayer textile combinations has frequently been studied by means of gravimetric analysis in earlier work [1, 2, 4, 5, 15] . A major disadvantage of such methods is that a part of the moisture escapes into the ambient air within a few seconds when the layers of clothing are separated for weighing. This is especially the case for materials such as polyester or polypropylene, that store very little moisture themselves and where the moisture can be localized in the capillaries of the intermediate spaces. A second problem is that following the time dependence of the moisture transport requires restarting the entire conditioning and wetting process of the sample for each measurement, which is time-consuming. The inplane distribution of moisture is another important aspect of the problem for which gravimetric analysis is inadequate. 1 One method which has largely met these challenges is neutron radiography, which has been shown to be able to give a two-dimensional profile of the moisture distribution of each layer in a multilayer configuration at distinct time intervals [16] . There it was possible to observe the gross temporal progress of the moisture transport, without having to manipulate the clothing systems. While there were Abstract X-ray-tomography was used to investigate the moisture distribution of multilayered textiles under praxis conditions. It was possible to follow the dynamics of the moisture transport without disturbing an ensemble during measurement, and to make quantitative statements concerning the localization of the moisture, both for a given layer as a whole, and within a layer. The second possibility was exploited to visualize the in-plane moisture distribution, providing a full, three-dimensional quantification.
no quantitative statements on the moisture amounts in the individual layers in that work, the method can in principle yield such data on a rapid time scale (up to 15 frames/second), although only projected onto a single plane. A similarly applicable non-contact method, magnetic resonance imaging (MRI), has been applied to investigate moisture transport in carpets [3, 9, 10] . These were mainly one-dimensional studies, although Carr et al. [3] also made two-dimensional MRI measurements to completely map the transplanar moisture distribution similarly to the visualization in Weder et al. [16] .
With readily available X-ray machines providing very high spatial resolution down to 5 µm, X-ray-tomography (µCT) offers a similar capability for non-contact analysis, with which one can quantitatively register dynamic moisture transport and determine the spatially-resolved moisture content of the object being studied [11] . This method is also routinely used to deliver detailed three-dimensional images of the objects of interest. Up to now, no studies of textiles in this manner have been reported, although Parnas et al. [12] examined the yarn structure and architecture in fibre-reinforced composite materials using µCT. Here we apply µCT to the study of moisture transport in five multilayered textile combinations. We found that the method was quite suitable to measure one, two, and three-dimensional liquid water distributions, providing information which can be used to understand complex fluid transfer behavior in such systems.
Methods
Computerized tomography (CT) is a layer-selective radiographic process, by which a three-dimensional image can be reconstructed with the aid of a number of sectional photographs corresponding to processed one-dimensional projections at different angles. Each projection corresponds to the integration of the attenuation coefficient along the Xray beam, and by combining the data from different angles, it is possible to reconstruct a two or three-dimensional image of a sample [6, 7, 13] . The tomograph used in this investigation is a µCT 80, from Scanco Medical AG, Bassersdorf, Switzerland. The X-ray anode voltage was 55 kV. For objects up to 74 mm in diameter, this device allows one to scan around the object with either 37 or 74 µm resolution, but with different imaging times. The lower resolution was chosen (in all three directions) for faster scan speed to allow a sufficient temporal resolution. A total of 104 projections per 180° were taken, and each projection required an X-ray exposure of 200 milliseconds. The two-dimensional detector of the µCT-80 gives 52 slices in a single turn, resulting in an imaging time of 3 minutes per stack of 50 slices, and two stacks were measured per time point, giving a total imaging time of 6 minutes.
A custom-made holder (Figure 1 ) was used to support the samples in the µCT scanner. This was constructed in the form of a cylinder-piston combination: The outer cylinder supported the sample being investigated, and a cylindrical piston was then placed inside on top of the sample, with the upper end open, and the lower end (in contact with the sample) perforated, as shown. This reduced the effects of any swelling of the textiles during wetting by exerting a mild pressure of 160 N/m 2 ; the disk forming the bottom of the piston was perforated with 74 holes with a diameter of 5.5 mm to enable evaporation from the samples. To ensure that the full weight of the piston would be applied to the samples as uniformly as possible, there was a clearance of about 0.5 mm between piston and cylinder. The sample holder was made of plexiglass, which negligibly attenuates X-rays, to reduce the number of artefacts to an absolute minimum. Liquid water was delivered to the interface between the sample support and the sample by means of a centrally-arranged nozzle at a rate of 9.4 g/hour, and the circular supporting surface was heated to a temperature of 35°C, as previously done [16] . To improve the contrast of water versus textile materials, 50 mL of contrast medium (Telebrix: Megluminioxitalamate) was added per liter of water.
Each sample consisted of four textile layers, as indicated in Figure 1 . The thickest combination was sample Hygro with a thickness of 6.5 mm. A total of two horizontal scans, or 104 image sections, was required to image the thickest sample, and so was used for all of them. Each horizontal image section was 74 µm thick, corresponding to the chosen resolution. The two scans were acquired from top to bottom, i.e., beginning at Layer 4. The total time required for this was 6.5 minutes, which is therefore the interval between the six data points. To calculate the absorbed water volume per layer, the CT image data were analyzed using a suitable intensity threshold, comparing the wet to the dry samples. This allowed us to segment out (isolate) the contributions due to water, since the contrast agent gave the water a signal stronger than that of the dry samples.
Employed Material Combinations
For this investigation we chose five textile combinations with different properties for water absorption, wicking, and storage, which were previously investigated using neutron scattering [16] , and are indicated in Table I . As can be seen, the combinations vary only in the choice of the first three layers. Phil1 and Phil2 are labelled according to their overall hydrophilic behavior. The combination Hygro consists of natural fibers; cotton for the first layer and wool for the second and third layers, with an overall hygroscopic character. Combination Phipho has a hydrophilic first layer and hydrophobic second layer, whereas the first three layers of the combination Phob are hydrophobic.
Results

Measurement on Textiles
Data for the first layer of sample Phil2 are shown in Figure 2 , illustrating the high level of detail on the structure of the textile possible with the present instrument. To illustrate the power of the technique for imaging water content, we show in Figure 3 a processed image of the water distribution in sample Hygro. This image was derived from the raw data by subtracting the data of the dry sample. The location of the liquid moisture in Figure 3 can be discerned quite clearly. Although the contributions of the dry woolen fibres were removed, the structure of the moisture-containing fibres is readily apparent.
Determination of the Moisture Content
The quantity of moisture in each horizontal section was calculated by summing the number of voxels identified as containing water (1 voxel = 0.078 3 mm 3 ). These individual sections were then combined to yield the total water quantity of each textile layer. As an example, Figure 4 shows the moisture distribution over the four layers of the sample Phil1 at t = 36 min. As the textile layers were not perfectly planar, nor aligned perfectly with the axis of the µCT, the Figure 1 Test arrangement with heatable sample holder, which is defined in the middle in such a way that moisture can be emitted to the samples. This textile was hydrophobic in-plane direction, but transported water rapidly in the transverse direction, giving the combination a hydrophilic character. showing the presence of water in the woolen layer and the subjacent layer of cotton, which is completely soaked with moisture and appears as a planar structure. TRJ TRJ images of their surfaces were spread over several sections. Thus, while this had no effect on the total amount of water identified in the images, the determined layerwise moisture distribution was slightly diffused between layers. It must also be kept in mind that the textile layers will tend to swell with increasing moisture content and, as a result, the layer interfaces will shift slightly in the direction of the lesssaturated layers, also contributing to a minor distortion of the layerwise moisture distribution. The layer boundaries were identified in Figure 4 by finding the positions of mass minima, taking note of the thicknesses of the dry textiles. The integration of the moisture distribution curve yields the quantity of moisture for each layer, and is shown for all five of the investigated combinations in Figure 6 .
To check the accuracy of the µCT water mass determinations, the total mass of the water in each textile combination was determined by weighing them at the end of a measurement series. The result is shown in Figure 5 , demonstrating an excellent correlation between estimated and measured masses. Furthermore, some deviations are expected, since for one sample a sizeable amount of water wetted the sample holder underneath the first layer, as discussed in more detail below, and this is difficult to include properly. It was, however, included in the weight measurements by soaking it up with paper towels.
In Figure 6 the main results of this study are displayed, showing the quantity of water in each layer of each of the five tested combinations as a function of time. In each case, the dry textile combination was measured, followed by six measurements while water was being supplied. The amount found in each layer is shown as a portion of the total, with each layer placed as in the sample; the total increases linearly with time, and thus the moisture which is not imaged is displayed as evaporated. Common to all cases is a negligible distribution in layer 4, with the exception of the last two measurements of the Phob combination.
Some of the general details of the water distributions are apparent on inspection. For the Hygro, PhiPho, and Phob combinations, for example, most of the liquid moisture is found in the first layer (over the period of time studied), whereas in the Phil1 and Phil2 cases the second layer contains the most moisture. Indeed, the transport of liquid moisture takes place mainly in layers one and two during the first 30 minutes for all five combinations. For the PhiPho and Phob samples, evaporation accounts for a large fraction of the total moisture supplied, dominating for PhiPho.
Discussion
For the combination Phil1, the liquid moisture is routed quickly into the second layer, but cannot be transported any further due to the hydrophobicity of the third layer, and so collects in the second layer. Figure 7 illustrates in more detail how this occurs. The vertical view there shows that the moisture distribution in layer 1 is very irregular, showing that only a fraction of this layer transports water through to layer 2. Due to the hydrophobicity of layer 1, the inplane water wicking is negligible, and we attribute the observed irregular wetting to the underlying wetting of the sample support, whose form is probably determined by small variations in the interface between layer 1 and the support. The in-plane transport of the water in the hydrophilic second layer is very good, on the other hand; this is also shown in Figure 7 , in which one can see layer 2 Figure 4 Quantified moisture in the transplanar sample direction for sample Phil1 at the end of the test, with the layer boundaries and the four layers designated. The thickness of the 60 slices correspond to 4.7 mm. Between the layer boundaries a dip could be seen which indicated a relatively low amount of water content. The structure of the single slice images gives an indication of the exact border line which corresponds to the dip.
in its entirety via its moisture content. With the combination Phil2, the moisture penetrates directly into the second layer in the first 6 minutes, instead of evaporating to the extent observed for Phil1. The moisture is, furthermore, evenly distributed in the in-plane directions in both layers 1 and 2. The lower degree of evaporation can be explained as a function of the moisture being located further away from the warm sample support.
With the combination of textiles made from natural fibres (Hygro), almost all of the moisture is stored in the cotton underwear and does not penetrate into the first woolen layer about 30 minutes later. The second woolen layer exhibits almost no moisture accumulation. Due to closer proximity of the majority of the moisture to the sample-holder, evaporation is more efficient for the Hygro than the Phil2 sample. With Phipho, where the first near-skin layer is hydrophilic and the second-layer hydrophobic, the moisture cannot be transported away and has to be evaporated directly from the first layer. For this reason, the combination also exhibits a relatively high evaporation rate. We attribute the large difference in the amount of evaporated water between samples Hygro and Phipho to the hygroscopicity of sample Hygro. The greater part of the water is apparently stored in the fiber and cannot evaporate quickly. Sample Phipho absorbs almost all water in the first layer, from which the water can evaporate directly and rapidly, since it is held in the interfiber spaces. The combination Phob is very similar to PhiPho. Here again, the moisture cannot penetrate into the second layer because of its hydrophobicity. Even though the first layer is also hydrophobic, the released liquid moisture is nevertheless distributed on the sample holder because the water wets it.
In the first 5 or 6 minutes, the samples Phil1 and Hygro exhibited the largest proportion of evaporated moisturemore than 60%. This is not surprising for the former, since the first layer of that system is hydrophobic, forcing water to remain on the warm sample holder for efficient evaporation. We deduce that the cotton employed here in the Hygro sample also behaved hydrophobically at the beginning of the wetting process, requiring a sufficiently large quantity of moisture to attain its characteristic hygroscopicity [8, 14] .
The time between 20 and 30 minutes after starting the experiment corresponds to a change in moisture transport characteristics for several of the textile combinations. The sample Phob then develops the largest proportion of moisture in the third and fourth layers of all systems studied. The sample Phil2 transported considerably less moisture in the second layer than the sample Phil1 which, due to its very good transplanar transport capability, did not induce the moisture to distribute in the plane of the first layer at all, but passed it rapidly into the second layer [16] . With sample Phil1, the first layer does not become saturated with about 2 g of moisture until about 25 minutes into the test, at which point the second layer is also saturated, and the third layer begins to accumulate liquid moisture. On the other hand, restricting the transplanar transport as in the sample Phipho caused the same first-layer textile to be saturated after 20 minutes, because virtually no water penetrated the second layer. Due to its hydrophilicity, the first Figure 5 Variation of the calculated water content for a complete sample estimated from the µCT data as a function of the corresponding gravimetrically determined weight increase measured at the end of the test. Comparing the results of this investigation with those measured with gravimetric methods and neutron radiog- Figure 6 Temporal distribution of the moisture in the individual layers of the five combinations. Each point corresponds to a measurement over 6.5 minutes, as described in detail in the text. The distance below one point, down to the next point, corresponds to the quantity of water found in the indicated layer, also noted via shading.
raphy for the same samples [16] , the results are overall quite similar. The gravimetric study was carried out for a shorter period of 13 minutes of wetting. A major difference is that the proportion of water vapor is often larger in the present study, which is not trivial to explain. The neutron radiography measurements were qualitative, giving a view of the in-plane water distribution missing in gravimetric data, and showing, for example, that the first layer of the Phil1 system accomplished efficient transplanar water transport in a region localized above the water outlet; this is qualitatively consistent with the present observations, if we assume that the water inlet in the previous investigation injected water directly into layer 1, which is plausible given the construction of that sample holder. Thus rapid transplanar water transport in layer 1 and the preferred wetting pattern of the interface between layer 1 and the sample holder combine to determine where layer 1 will contain liquid water. The main advantage of the present method is that the water accumulation of each layer for a combination of clothing materials can be monitored quantitatively during the entire test period, with access to microscopic details of the system when they are of interest.
There are, of course, aspects of the method which could be improved. A specific difficulty with the present set-up was condensation of moisture on the inner side of the plexiglass tube. In principle, the amount of evaporated water must increase monotonically during the measurement; nevertheless, it decreased at some point for all samples, most notably for Phil1, Phil2, and Hygro. This is because, in order to ensure a uniform pressure on the sample using only the weight of the holder, there is a clearance of about 0.5 mm between the inner and outer sample-holder tubes. Water vapor can collect and condense in this space and then return to the samples. As can be seen for sample Phil 2, for example, the quantity of evaporated water in the interval between 20 and 30 minutes is less than that in the interval between 6 and 15 minutes. Although the magnitude of this problem is minor, it represents an area of future improvement.
Conclusions and Prospects
We have established that X-ray-tomography is capable of rapid, quantitative imaging of water location and transport in complex textile systems. In addition, the moisture-transport processes of multilayered materials and their interactions can be studied relatively cost-effectively and precisely. The advantages of the µCT method over the traditional gravimetric approach are therefore obvious. Compared to neutron radiography, the high resolution and access to the full three-dimensional geometry are important, although the time resolution is not as good. We have shown that with µCT it is possible to scrutinize the structure of the fiber composite and study the transport phenomena under the most diverse conditions. Thus the method should better enable development of specific moisture-optimized combinations with unique characteristics.
With a whole body scanner with a resolution of around 1 mm, much faster scans could be taken, but the slice Figure 7 Water images for sample Phil1 at 19.5 min. Left: Vertical view of Layer 1, showing the two-dimensional water distribution. Right: Three-dimensional horizontal view of the entire Phil1 combination. Layers 1 and 2 are clearly apparent via the horizontal white stripes at the edges, where larger amounts of water collected. TRJ TRJ thickness of also around 1 mm would not allow the exact registration of the moisture layers to the fabric layers. This is why µCT machines were chosen. In presently available systems, the minimal scan time per rotation is around 2 minutes -if one were to go much faster, the image quality would decrease drastically with increasing photon noise.
If only a smaller object, for example, with diameter of 20 mm would be scanned, the achievable resolution is 20 µm with the same acquisition time (or 10 µm with slightly longer acquisition time), but the limitation to only 20 mm object might influence the moisture transport within the sample. To be able to clearly distinguish and separate the different layers of tissue and their water content, a sufficient resolution in transplanar direction is crucial. While in-plane, resolution of, for example, 1 mm might seem sufficient, we think that the chosen resolution of 74 µm is a good compromise between measuring time and spatial resolution, and we would not recommend increasing the pixel size to more than 100 µm. The method shown here can be developed still further. If full three-dimensional imaging is not needed, the scan time could be reduced to 1 s or better, making the approach comparable to neutron scattering. Better control of the climatic conditions above the textile systems would provide more realistic evaporation scenarios, as well as those in which considerably more condensation occurs, such as low temperatures. How does a hydrophobic first-layer perform when the samples are no longer oriented horizontally, but vertically? In such a case, it is possible that the moisture would not remain on the sample holder, but drip down -as in practice -and likely produce considerably less evaporative cooling. How does the moisture transport behave with air layers between the textile layers, which form a barrier for liquid water? These questions and others will be investigated in the near future.
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